In an experiment with a 65 MeV/nucleon polarized deuteron beam on a liquid-deuterium target at KVI, several multi-body final states in deuteron-deuteron scattering were identified. For these measurements, a unique and advanced detection system, called BINA, was utilized. We demonstrate the feasibility of measuring vector and tensor polarization observables of the deuteron break-up reaction leading to a three-body final-state. The polarization observables were determined with high precision in a nearly background-free experiment. The analysis procedure and some results are presented.
I. INTRODUCTION
The physics phenomena of nuclei are largely understood by considering the interaction between their building blocks, the nucleons. In 1935, Yukawa described the nucleon-nucleon (NN) force by the exchange of massive mesons [1] in analogy to the electromagnetic interaction which can be represented by the exchange of a massless photon. Several phenomenological nucleon-nucleon potentials have been derived based on Yukawa's theory and are able to reproduce data points in neutron-proton and proton-proton scattering with extremely high precision. These so-called high-quality NN potentials are used in Faddeev equations [2, 3] to give an exact solution of the scattering problem for the three-nucleon system. Already, for the simplest three-nucleon system, the triton, an exact solution of the three-nucleon Faddeev equations employing two-nucleon forces (2NFs) underestimates the experimental binding energy [4] , showing that 2NFs are not sufficient to describe the three-nucleon system accurately. The existence of an additional force, the threenucleon (3N) interaction, was predicted a long time ago by Primakov [5] and confirmed by a comparison between precision data and state-of-the-art calculations [6] .
Many high-precision measurements of nucleondeuteron scattering processes at intermediate energies * Electronic address: ramazani@kvi.nl † Electronic address: messchendorp@kvi.nl were carried out in the past decades with the aim to study 3NF effects and to compare the experimental observations with the predictions from rigorous Faddeev calculations. In general, adding 3NF effects to the modern NN potentials gives a better agreement between the cross section data for the proton-deuteron scattering processes and the corresponding calculations [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , whereas a similar comparison for the spin observables yields various discrepancies [9, 11, 13, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . The overall conclusion is that the spin-dependent parts of the 3NFs are poorly understood and that more studies in this field are needed. The 3NF effects are in general small in the threenucleon system. A complementary approach is to examine heavier systems for which the 3NF effects are significantly enhanced in magnitude. Naively, one might expect that the 3NF effects increase by the argument that the number of three-nucleon combinations with respect to two-nucleon combinations gets larger with increasing number of nucleons. We, however, note that the saturation of 3NF effects sets in very quickly for large nuclei as well. This simple counting rule is supported by a comparison between predictions and data for the binding energies of light nuclei [37] . The predictions of a Green's function Monte-Carlo calculation based on the Argonne V18 [38] NN interaction (AV18) and the Illinois-2 (IL2) 3NF [39] are compared to experimental data. While a calculation which only includes the AV18 NN potential deviates significantly from the experimental results, the predictions of calculations which include as well a 3NF come much closer to the data, especially for the first few light nuclei. Note that the effect of the 3NF on the binding energy for the triton is 0.5-0.8 MeV, whereas the effect increases significantly for the four-nucleon system, 4 He, to ∼4 MeV. For this, it was proposed to study the four-nucleon system at intermediate energies since the experimental database for this is presently poor in comparison with that of three-nucleon systems [40] [41] [42] [43] . Most of the available data have been measured at very low energies, in particular below the three-body breakup threshold of 2.2 MeV. Also, theoretical developments are evolving rapidly at low energies [44] [45] [46] [47] , but lag behind at higher energies. This situation calls for extensive four-nucleon studies at intermediate energies.
This paper addresses the feasibility of measuring polarization observables in the three-body break-up channel in deuteron-deuteron scattering, d + d → d + p + n, for an incident beam energy of 65 MeV/nucleon. This work is part of a more extensive experimental program which was carried out at KVI and that aims to provide precision data in various four-nucleon scattering processes at intermediate energies. With these data, we will significantly enrich the four-nucleon scattering database at intermediate energies and, thereby, provide a basis to test future calculations with the long-term aim to understand the details of 3NF effects.
II. EXPERIMENT AND EXPERIMENTAL SETUP
Deuteron-deuteron scattering below the pionproduction threshold leads to 5 possible final states with a pure hadronic signature, namely:
4. Three-body final-state break-up:
5. Four-body final-state break-up:
The study and identification of these final states require an experimental setup with specific features, namely, a large phase space coverage, a good energy and angular resolution, and the ability for particle identification. The experiment presented in this paper was carried out at KVI using the Big Instrument for Nuclear-polarization Analysis, BINA, which meets all these requirements [34, 48] . This work is devoted to the three-body final state. BINA is a setup with a nearly 4π geometrical acceptance and has been used in various few-nucleon scattering experiments to measure the scattering angles and energies of protons and deuterons with the possibility for particle identification. The detector is composed of a , and an array of thin plastic scintillators ∆E, followed by a wall of thick segmented scintillators (E). The backward ball is not shown in this picture, since it was not used in the analysis presented in this paper.
forward part (forward wall) and a backward part. Figure 1 shows a side view of the forward part of BINA which consists of a Multi-Wire Proportional Chamber (MWPC), and an array of thin plastic scintillators (∆E) with a thickness of 1 mm, followed by a wall of thick segmented scintillators (E) with a thickness of 12 cm each. All scintillators were read out by photo-multiplier tubes (PMTs) on both ends. The signals from these PMTs are integrated using a QDC to measure their energy loss in the scintillator. The discriminated signals from the Constant Fraction Discriminators (CFDs) are fed into Time-to-digital Converters (TDCs). The time difference between the signals from both ends of the scintillators allows to determine the position of the incoming particle. In addition, information about the time-of-flight (TOF) of the particles can be extracted. The thick scintillators were mounted in a cylindrical shape, thereby, facing the target. The thickness of these scintillators is sufficient to stop all the protons and deuterons originating from the processes described in this work. The forward wall has a complete azimuthal coverage for scattering angles from 10
• to 32 • , which is advantageous for the determination of the beam polarization and spin observables. With the wire spacing of 2 mm and for a distance of 29.7 cm between MWPC and target, we obtain an overall accuracy of 0.4
• for the polar angle and between 0.6
• and 2.0
• for the azimuthal angle. The detection efficiency of the MWPC was obtained by using an unbiased and nearly background-free data sample of elasticallyscattered deuterons and was found to be typically 98% with an absolute uncertainty of 1%.
A polarized beam of deuterons originating from the polarized ion source (POLIS) [49] was accelerated by AGOR (Accélérateur Groningen ORsay) to a kinetic energy of 65 MeV/nucleon and bombarded on a liquid-deuterium target [50] . The polarization of the deuteron beam was measured in the low-energy beam line with a Lamb-Shift Polarimeter (LSP) [51] as well as in the high-energy beam line with BINA [48] . For the polarization measurements using the LSP, the low-energy beam was decelerated and focused on to the LSP detection system. The number of deuterons in the spin-up state, N + , spin-zero state, N 0 , and spin-down state, N − , were counted to measure directly the vector and tensor polarizations of the beam. In addition, the polarization of the beam of deuterons was obtained at the high-energy beam line employing BINA via φ-asymmetry measurements of the 1 H( d, dp) reaction based on its well-known analyzing power. Note that the same detector was used as well for the measurement of the polarization observables of the deuteron-deuteron break-up reaction. With the self-calibrating BINA setup, regular asymmetry measurements of the elastic deuteronproton scattering process were performed during the actual experiment by switching rapidly the liquid target to a solid CH 2 target. The polarization of the beam of deuterons was studied as a function of time to check the stability of polarization during the measurement. Also, the polarization values by BINA were compared with those measured with the LSP. The results for the vector (top panel) and tensor (bottom panel) polarizations of the deuteron beam from BINA and LSP are shown in Fig. 2 as a function of time. Each filled circle represents the average value of the measured polarizations deduced from different scattering angles with BINA in a range from 55
• to 140
• in the center-of-mass frame. The corresponding analyzing powers were taken from an angle-dependent fit of literature values [15, 18, 33] . Polarization values obtained for different scattering angles were found to be in good agreement within uncertainties. The values of the polarization obtained with LSP are depicted as filled squares. The shaded bands represent the results of a constant-value fit through the data including the results obtained with BINA and LSP. The width of the band corresponds to a 2σ error of the fit. The polarization values were found to be p Z = −0.57 ± 0.03 and p ZZ = −1.57 ± 0.03. The total uncertainties of the polarizations was estimated by adding quadratically the statistical error and the systematic error. The systematic uncertainty stems from the uncertainty in the analyzing powers, and was found to be 6% and 5% for the vector and tensor polarizations, respectively. A comparison between the results demonstrates that the beam polarization was stable during the experiments and that there is a good agreement between the measured values obtained at the low-energy beam line with the LSP and those measured at the high-energy beam line with BINA. The beam current was monitored during the experiments via a Faraday cup at the end of the beam line. The Faraday cup is made of a copper block containing a heavy alloy metal as the actual beam stopper. The current meter was connected to the Faraday cup with a short cable to avoid the voltage drop and pickup effect. The current meter was calibrated using a precision current source with an uncertainty of 2%. The beam current was typically 4 pA during the experiment. An offset of 0.24±0.07 pA in the beam current was observed in the dd experiment through a comparison of T 20 in elastic scattering, measured with BINA and the one measured with another experimental setup (BBS) [52] . 
III. ANALYSIS METHOD AND EVENT SELECTION
The elastic channel, neutron transfer channel, and break-up channels leading to three-and four-body final states were uniquely identified using the information on the energies of the outgoing particles, their scattering angles, and their TOF. In this work, the deuteron-deuteron break-up into the three-body final-state (four-body finalstate) is further referred to as the three-body break-up (four-body break-up). This is the first time that spin observables in the three-body break-up reaction in d + d scattering process at intermediate energies have been measured in a background-free experiment. The analysis procedure and a part of the results of the three-body break-up channel are presented in this paper.
The kinematics of the three-body break-up reaction are determined unambiguously by exploiting the scattering angles of the proton and the deuteron (θ d The S-curves for several kinematical configurations are shown in Fig. 3 . Each S-curve is labeled by three numbers. For example, the label (20
• , 120
• , 180
• ) shows a kinematical relation of energies of a deuteron that scatters to 20
• and a proton that scatters to 120
• , and the azimuthal opening angle, φ 12 , between them is equal to 180
• . For the analysis of the three-body break-up data we measured the kinetic energies and the polar and azimuthal angles of the two coincident charged particles.
We performed the analysis of the three-body break-up reaction for that part of the phase-space in which the deuteron and the proton were detected in coincidence in the forward part of BINA.
For some parts of the ∆E detector, the yield of scintillation light reaching the photomultipliers was not sufficient to obtain a good particle identification. We, therefore, decided to make use of the time-of-flight to perform a particle identification instead. We note that the procedure was checked by a successful comparison with an analysis using those ∆E detectors which were operating according to specifications. For the particle identification, we measured the TOF of each registered particle and compared its result with the expectation from the kinematics of the three-body break-up reaction. The TOF was determined by discriminating the signals from the two PMTs from each scintillator. The output of the constant-fraction discriminators were fed into time-todigital converters (TDCs) which were used in a commonstop mode. The common stop signal was derived from the radio frequency of the cyclotron. For the analysis of the break-up data, the TDC output corresponding to the left-and right-hand side PMTs, TOF L and TOF R , were added together for each event. The sum of TOF L and TOF R is independent of hit position along the scintillator slab. We call this sum TOF i with i referring to the different particles that hit the forward wall. For particle identification, we compared these results with the expected TOF that was calculated from the energy of a particle, calculating a path length from a scattering angle and assuming a certain particle type. More precisely, the difference between the measured TOF of particles 1 and 2 from the information of the TDCs, (TOF 1 − TOF 2 ) TDC , and that extracted from the energies and the scattering angles, (TOF 1 − TOF 2 ) E , has been used to define the variable ∆TOF. We note that ∆TOF is a difference of differences, and that it compares data with a kinematics calculations, both of which yield a difference. The identification of the break-up channels proceeds by analyzing ∆TOF. Figure 4 shows the value of ∆TOF for two particles that are detected in coincidence in the forward wall. The scattering angle of both particles is fixed to be 25
• ± 2
• and the difference between the azimuthal angles of the two particles is 180
• . We note that ∆TOF does not depend upon S and that the detected particle in each hit can be a proton or a deuteron. Three clear peaks can be recognized corresponding to proton-deuteron, protonproton, and deuteron-proton coincidences. The identification of the peaks were confirmed using the ∆E responses. For this spectrum, we assumed in the calculation of (TOF 1 − TOF 2 ) E that the first particle is a deuteron and the second one a proton. If our assumption is correct, events which correspond to a deuteron-proton combination will give a peak around zero in the ∆TOF spectrum. Note that a clear signal (peak on the lefthand side of Fig. 4 ) of the three-body break-up events can be observed corresponding to a final-state consist-ing of a deuteron-proton combination. The peak on the most right-hand side corresponds to three-body breakup events, but with a proton-deuteron combination in the final state. The peak in the middle of the spectrum has been identified as two protons that stem from the four-body break-up reaction. The measured ∆TOF for two particles that are detected in coincidence in the forward wall. The scattering angle of both particles is fixed to be 25
TOF [ns] ∆
• ± 2 • and the difference between the azimuthal angles of the two particles is 180
• ±5
• .
The top-left panel of Fig. 5 represents the correlation between the energy of two particles that are detected in coincidence in the forward wall. The scattering angle of both particles is fixed to be 25
• ± 5
• . The energies were obtained by a chargeintegration of the signals from the PMTs of the forward scintillators. This spectrum contains events from two different reactions, namely three-and four-body break-up reactions. The proton-deuteron or deuteron-proton coincidences from the three-body break-up reaction can be separated by choosing events corresponding to the peak of interest as shown in The identification of the proton and deuteron enables us to measure the missing particle in the three-body break-up reaction in deuteron-deuteron scattering. The missing particle in this reaction is neutron as well. This particle can be identified using the missing mass technique. We used the energy and scattering angles of the identified particles to calculate the rest mass of the undetected particle. Figure 6 shows a typical result of the calculated mass of the undetected particle using the energy, polar and azimuthal angles of the detected proton and deuteron. The scattering angle of both detected particles is fixed to be 25
• ± 2 • and the difference between the azimuthal angles of the two detected particles is 180
• . The dashed (solid) curve represents the results of the calculated missing particle mass before (after) applying the identification cut on Fig. 4 . After applying the identification cut the mass spectra show a clear peak corresponding to the mass of neurons with a FWHM of 6.38 MeV which confirms the accuracy of PID procedure. The events on the right-hand side of the peak correspond to break-up events that undergo a hadronic interaction in the scintillator. These are discarded in the analysis and properly accounted for in the final analysis of cross sections with the help of simulations.
The next step in the event selection for the three-body break-up channel is to find the energy correlation between the final-state protons and deuterons for a particular kinematical configuration (θ d , θ p , φ 12 ). The number of break-up events in an interval S − ∆S 2 , and S + was obtained by projecting the events on a line perpendicular to the S-curve (D-axis). The value of ∆S was ±5 MeV for the forward wall data. Figure 7 depicts the correlation between the energy of protons and deuterons in coincidence for the kinematical configura-
The solid curve is the expected correlation for this configuration. One of the many S-intervals and the corresponding D-axis are also shown. The result of the projection of events on the D-axis for a particular S-bin is presented in the inset of Fig. 7 . This spectrum consists of mainly break-up events with a negligible amount of accidental background. Most of the particles of the break-up events deposit all their energy in the scintillator, which gives rise to a peak around zero in the variable D. The events on the left-hand side of the peak at zero correspond to break-up events that undergo a hadronic interaction in the scintillator (same as those on the right side of the peak in Fig. 6 ).
The interaction of a polarized beam with an unpolarized target produces an azimuthal asymmetry or an azimuthally uniform change in the scattering cross section. The magnitude of this effect is proportional to the product of the polarization of the beam and an observable that is called the analyzing power. The expression for the cross section of any reaction induced by a polarized spin-1 projectile is [53, 54] :
where σ and σ 0 are the polarized and unpolarized cross sections, respectively, and ξ represents the configuration (θ d , θ p , φ 12 , S). Note that Eq. 1 does not contain terms with Im(iT 11 ), Re(T 21 ), Im(T 21 ), Im(T 20 ) and Im(T 22 ). These contributions vanish because we took explicitly β = 90
• and φ 12 is the absolute value of the difference between the azimuthal angles of the two outgoing particles. The angle β is the angle between the polarization axis and the momentum of the incoming beam. In this The calculated mass of the undetected particle in the three-body break-up reaction in deuteron-deuteron scattering. The energy, polar and azimuthal angles of the detected protons are used in the calculation. The dashed (solid) curve represents value of the calculated mass of the missing particle before (after) applying the identification cut in Fig. 4 . The scattering angle of both detected particles is fixed to be 25
work, the variables Re(iT 11 ), Re(T 20 ) and Re(T 22 ) will be referred to as iT 11 , T 20 and T 22 , respectively. The quantities iT 11 and p Z are the vector-analyzing power and the vector beam polarization, respectively. The observables T 20 and T 22 are the tensor-analyzing powers, p ZZ is the tensor polarization of the beam, and φ is the azimuthal scattering angle of the deuteron. • , θp = 25
For a deuteron beam with a pure vector polarization, the ratio σ σ0 should show a cos φ distribution where σ and σ 0 are the polarized and unpolarized cross sections, respectively. When a pure tensor-polarized deuteron beam is used, the ratio σ σ0 should show a cos 2φ distribution. These asymmetries are exploited to extract the vector-analyzing power, iT 11 and the tensor-analyzing powers, T 20 and T 22 , for every kinematical configuration, (θ d , θ p , φ 12 , S).
IV. EXPERIMENTAL RESULTS
For a measurement of the analyzing powers, we compare the distribution of the scattered particles at different azimuthal angles for each polarization state with that obtained with the unpolarized beam. The φ-distribution obtained with the polarized beam is normalized to that obtained with an unpolarized beam to obtain the ratio σ σ0 . This ratio depends on the the number of counts under the peak after background subtraction and the total integrated charge collected in the Faraday cup. With this normalization other parameters like the geometrical asymmetries, inefficiencies, and target thickness are eliminated. Figure 8 shows the ratio σ σ0 for a pure vectorpolarized deuteron beam (top panel) and a pure tensorpolarized deuteron beam (bottom panel) for (θ p = 25
• , θ d = 25
• , φ 12 = 180
• , S = 230 MeV). The curves in the top and bottom panels are the results of a fit based on Eq. 1 through the obtained asymmetry distribution for a beam with a pure vector and tensor polarization, respectively. The amplitude of the cos φ modulation in the top panel equals to √ 3p Z iT 11 and that of the cos 2φ modulation in the lower panel equals to − Only statistical uncertainties are indicated. The total systematic uncertainty for the analyzing power is estimated to be ∼ 7.5% which mainly stems from the uncertainty in the measurement of the beam polarization via elastic scattering and to a much lesser extent from the error of the beam-current correction in the analysis of the T20 in the elastic d + d channel.
This paper demonstrates for the first time the feasibility of obtaining precision data of the three-body breakup channel in deuteron-deuteron scattering at the energy of 65 MeV/nucleon. The three-body break-up reaction has been clearly identified using the measured scattering angles, energies, and TOF of the final-state protons and deuterons. In this work, we analyzed a part of the data in which the protons and deuterons were scattered into the forward wall of BINA. We have provided precision data for the vector and tensor analyzing powers of the threebody break-up reaction for an incident deuteron beam of 65 MeV/nucleon [48] . These four-body scattering experiments at KVI will provide in the near future a complete database in deuteron-deuteron scattering at intermediate energies including the elastic, transfer, three-body breakup, and four-body break-up channels. Together with the upcoming state-of-the-art ab-initio calculations [55] [56] [57] , these data will provide the basis to understand the mechanisms behind many-body force effects. 
